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Spindle designAbstract A motorized spindle supported by active magnetic bearings (AMBs) is generally used for
ultra-high-speed machining. Iron loss of radial AMB is very great owing to high rotation speed, and
it will cause severe thermal deformation. The problem is particularly serious on the occasion of
large power application, such as all electric aero-engine. In this study, a prototype motorized spin-
dle supported by ﬁve degree-of-freedom AMBs is developed. Homopolar and heteropolar AMBs
are independently adopted as radial bearings. The inﬂuences of the two types of radial AMBs on
the dynamic characteristics of the motorized spindle are comparatively investigated by theoretical
analysis, test modal analysis and actual operation of the system. The iron loss of the two types
of radial AMBs is analyzed by ﬁnite element software and veriﬁed through run-down experiments
of the system. The results show that the structures of AMB have less inﬂuence on the dynamic char-
acteristics of the motorized spindle. However, the homopolar structure can effectively reduce the
iron loss of the radial AMB and it is useful for improving the overall performance of the motorized
spindle.
ª 2014 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.
Open access under CC BY-NC-ND license.1. Introduction
Worldwide, ultra-high-speed machining technology, which has
much high cutting and feeding speed than the conventional, is
recognized as one of four major advanced manufacturingtechnologies. A motorized spindle combines motor shaft and
machine tool principal axis without belt and gear transmission
and it is the most critical component of ultra-high-speed
machining equipment. Generally, the motorized spindle is sup-
ported by ball bearings.1
Unlike ball bearing, active magnetic bearing (AMB) does
not suffer from mechanical contact and wear, has less noise,
does not require any lubricant and sealing, and is characterized
by long service life.2,3 A motorized spindle with AMBs features
adjustable support stiffness and damping, high rotation preci-
sion, and easy real-time monitoring. Owing to the above
assets, AMB can also be applied to aero-engine.4
Fig. 1 Mechanical structure of motorized spindle.
Fig. 2 Schematic diagram of AMB.
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dle, many new control strategies for AMB have been pro-
posed.5–8 Furthermore, motorized spindle suffers from a
problem that the large temperature rise can cause severe ther-
mal deformation and thus reduce machining accuracy.
Miroslaw et al.,9 utilized infrared camera images to identify
major heat sources in the machine tool and they evaluated the
thermal expansion of the machine by means of ﬁnite element
analysis. Tamura et al.,10 developed a motorized spindle with
a self-cooling function and used rotational experiments to
demonstrate that it could minimize the thermal deformation.
Zhang and Li11 used ﬁnite element analysis to simulate the
temperature ﬁeld, steady-state temperature distribution, tran-
sient temperature distribution and thermal error of a spindle
system. Uhlmann and Hu12 presented a 3D ﬁnite element
model to predict the thermal behavior of a high-speed motor
spindle. Li and Zhao13 effectively reduced the axial thermal
error at varying spindle speeds by compensating the thermal
error using predicted data. Sheng et al.14 analyzed the steady
temperature ﬁeld and the thermal deformation of the spindle
and they proposed a solution to install a cooling sleeve in front
of the spindle box, which can apparently reduce the thermal
error of the spindle. Zhang et al.,15 adopted a serial and a par-
allel grey neural network to predict the thermal error and they
validated their method through experiments on the spindle
deformation in the axial direction on a ﬁve-axis machining
center. Horiuchi et al.16 analyzed the inﬂuence of the thermal
behavior of the spindle on the machining accuracy in micro-
endmilling. Lu et al.17 established a ﬁnite element model of
the thermal characteristics of a motorized spindle and studied
the distribution of the spindle steady-state temperature ﬁeld
and effect of spindle speed and bearing lubrication on the ther-
mal deformation of the spindle. Li et al.18 developed a proto-
type motorized spindle supported by ﬁve degree-of-freedom
AMBs, investigated the relationship between temperature rise,
grinding head posture and the controller’s ﬁve reference
inputs, discovered the serious effect of the temperature rise
on the precision of grinding and introduced online adjustment
of the grinding head posture and automatic thermal expansion
compensation into the system. Wu and Hu19 analyzed the tem-
perature ﬁeld of a magnetically levitated grinding spindle by
ﬁnite element software, adopted a thermal infrared imager to
measure the temperature ﬁeld distribution and mentioned the
importance of thermal design and structural design on the tem-
perature distribution of the system.
A motorized spindle supported by AMBs has two internal
heat sources: AMBs and the built-in motor.20 The surface eddy
current and hysteresis loss of AMBs are important factors in
temperature increase. The problem is particularly serious on
the occasion of large power application, such as all electric
aero-engine. Therefore, it is essential to investigate approaches
by which the surface eddy current and hysteresis loss of AMBs
can be reduced. In this study, heteropolar and homopolar
AMB are developed for motorized spindle respectively. The
inﬂuences of the two types of radial AMBs on the dynamic
characteristics of the motorized spindle are comparatively
investigated by theoretical analysis, test modal analysis and
actual operation of the system. The iron loss of the two types
of radial AMBs is also analyzed by ANSOFTMAXWELL 3D
software and veriﬁed through run-down experiments of the
system.2. Test device
Fig. 1 shows the mechanical structure of the motorized spindle
prototype. The rotor (working speed: 60000 r/min) is sup-
ported by two radial AMBs and one axial AMB and it is dri-
ven by a built-in motor (power: 1 kW). Rotor vibrations can
be detected in real-time by ﬁve pairs of differential displace-
ment sensors.
Generally, a radial AMB has a heteropolar structure, i.e.,
the N and S poles are cross-arranged along the circumferential
direction. When the rotor completes a revolution, the magnetic
line of force reverses several times at the same position on the
rotor surface. Although a lamination-type stator and rotor are
generally used, the surface eddy current and hysteresis loss are
still obvious and serious. The situation is different in a homo-
polar structure, in which each pair of magnetic poles is distrib-
uted along the axial direction and only N or S poles are located
along the circumferential direction, without reversing the mag-
netic line of force; therefore, the surface eddy current and hys-
teresis loss are slight and little, respectively, and only the
machining process becomes slightly more complicated.
Fig. 2 shows the structures of homopolar and heteropolar
AMBs, respectively. According to the design of the structure
parameter, the nominal air gap Cr0, bias current Ir0 and max-
imum electromagnetic force Frmax of the two types of radial
AMBs are 0.2 mm, 2.5 A, and 20 N, respectively. For the axial
AMB, the corresponding values are 0.2 mm, 2.5 A and 50 N;
furthermore, the rotor length l is 218 mm, symmetry center dis-
tance of the two radial AMBs l1 is 127 mm and two ball bear-
ings are used as protective bearings.
Fig. 3 First three mode shapes of rotor.
Table 1 Natural frequency and mode shape of system.
Order Natural frequency (Hz) Mode shape
1st 45.0 Translational
2nd 73.8 Conical
3rd 1498.3 1st-order bending
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In consideration of the fact that the lateral vibration of the
rotor is the main factor inﬂuencing the dynamic characteristics
of a bearing-rotor system, the rotor axial degree of freedom
can be ignored in the theoretical analysis.
The controller adopts incomplete differential PID (propor-
tion–integral–derivative) strategies and its transfer function
can be expressed as
Gc sð Þ ¼ kp þ ki
s
þ kds
1þ Tds ð1Þ
where kp, ki, kd, and Td denote proportional coefﬁcient, inte-
gral coefﬁcient, differential coefﬁcient, and differential time
coefﬁcient, respectively.
The rotor is simpliﬁed as a node model with 44 lumped
masses and lumped rotating inertia. Each node is connected
via different cross shaft sections without mass. The radial
AMBs are respectively located at the 11th and 38th nodes. x,
y, u and w respectively denote the non-dimensional linear dis-
placement and angular displacement of each node, ix and iy
respectively denote the non-dimensional control current of
the AMBs in the x and y directions. According to the lumped
parameter method, the dimensionless system equation can be
expressed as follows:
0 M 0
M C 0
Kz1 Kz2 Kz3
2
64
3
75 _Rþ
M 0 0
0 K Kzi
0 Kz4 Kz5
2
64
3
75R ¼ 0 ð2Þ
where M, C and R denote the mass matrix, damping matrix
and state variable. Kz1, Kz2, Kz3, Kz4, Kz5 and Kzi denote the
related stiffness matrices, respectively.
The state variable R can be expressed as
RT ¼ R1;R2;R3½  ð3Þ
Therefore,
RT1 ¼ _x1; _y1; _u1; _w1; _x2; _y2; _u2; _w2; . . . ; _x44; _y44; _u44; _w44
h i
;
RT2 ¼ x1; y1; u1; w1; x2; y2; u2; w2; . . . ; x44; y44; u44; w44
 
;
RT3 ¼ _ix1; _iy1; ;ix1; iy1; _ix2; _iy2; ;ix2; iy2
h i
where the subscript 1, 2, . . . , 44 denote the serial numbers of
the rotor nodes, and the subscript x1, y1, x2 and y2 denote the
four freedoms of the radial AMB.
By Eq. (2), it is possible to obtain the stable region of the
AMB control parameters, system eigenvalues and eigenvectors
under speciﬁc AMB control parameters and rotation speeds.
These results, in turn, enable further calculation of the natural
frequencies and mode shapes in various orders.
According to the stable region of the control parameters,
for the radial AMBs, kp, ki, kd, and Td are respectively selected
as 2.26, 14.0, 1.3 · 103, and 1.12 · 105 s. According to a self-
developed Matlab program, the rotor mode shapes in the ﬁrst
three orders can be calculated as shown in Fig. 3 and the cor-
responding natural frequencies are shown in Table 1.
Fig. 3 and Table 1 show that the motorized spindle proto-
type has two types of rigid natural frequencies in translational
and conical vibration. The 1st-order bending natural frequency
is approximately 1.5 times more than the working speed, andhigher-order natural frequencies cannot be considered owing
to the high deviation from the working speed.
In addition, it is shown from the mathematical model that
when the nominal air gap Cr0, bias current Ir0 and maximum
electromagnetic force Frmax are equal, both heteropolar and
homopolar radial AMBs have the same current and displace-
ment stiffness coefﬁcient; if the control parameters are also
the same, the supporting features of the two types of radial
AMBs are exactly consistent, which will not affect the results
of theoretical analysis.
4. Test modal analysis
Test modal analysis is mainly applied to predicting the running
performance of the motorized spindle prototype at high speed.
The general steps involved are as follows: suspend the motor-
ized spindle rotor stably, knock the lower end of the rotor
(where the grinding wheel is mounted) with a modal hammer,
record the system response in a given frequency band using a
piezoelectric acceleration sensor and analyze the system’s nat-
ural frequency and modal damping according to the output of
the modal hammer and piezoelectric acceleration sensor. Only
the lower end of the rotor is exposed and the rest of it is
enclosed by the motorized spindle housing; therefore, it is
impossible to determine the mode shape of the rotor through
test modal analysis.
The radial AMBs respectively adopt heteropolar and
homopolar structures, the control parameters of which are
as mentioned above; kp, ki, kd and Td for the axial AMBs
are respectively selected as 1.98, 12.23, 2.3 · 103, and
1.12 · 105 s. Under the AMB’s action, the rotor can be sta-
bly suspended. The test equipment used is French OROS’s
OR34 four-channel dynamic signal test and analysis instru-
ment, a PCB hammer and ICP accelerometer. When the
radial AMB has a heteropolar structure, the test results of
the system frequency response function are as shown in
Fig. 4. For the radial AMB with homopolar structure, the
Fig. 4 System frequency response function by hammer method.
Fig. 5 Prototype of motorized spindle system.
Fig. 6 Vibration amplitude of rotor at run time.
1622 Z. Xie et al.test results of the system frequency response function are
similar to the data shown in Fig. 4.
After the analysis of the system frequency response func-
tion using N-Modal modal analysis software, which is devel-
oped by the Dynamic Test and Analysis Center at Nanjing
University of Aeronautics and Astronautics, the ﬁrst two order
natural frequencies and modal dampings of the system can be
obtained. For the radial AMB with heteropolar structure, the
ﬁrst two order natural frequencies of the system are 100.3 Hz
and 1411.3 Hz, respectively, and the modal dampings corre-
sponding to the natural frequencies are 33.3% and 0.87%.
While for the radial AMB with homopolar structure, the ﬁrst
two order natural frequencies of the system are 80.4 Hz and
1423.2 Hz respectively, and the modal dampings correspond-
ing to the natural frequencies are 46.8% and 1.27%.
The results above show that the motorized spindle proto-
type has two orders of natural frequencies within 2500 Hz,
wherein modal damping corresponding to the 1st-order natu-
ral frequency is higher.
Based on the theoretical analysis and test modal analysis
results, the following conclusions can be drawn: the motorized
spindle rotor can be regarded as a rigid rotor within the work-
ing speed range; the translational or conical modal vibration of
the rotor does not appear in test modal analysis because the
corresponding modal damping is too large; the two structures
of radial AMBs do not signiﬁcantly impact the natural fre-
quencies and modal damping of the system.5. High-speed rotation experiment
Fig. 5 shows a photogragh of the motorized spindle prototype.
It consists of a mechanical device and AMB electronic control
system (including sensor, controller, power ampliﬁer and
power supply module) as well as a high-frequency power sup-
ply for driving the built-in motor.
The AMB control parameters are as described previously.
The radial AMB respectively adopts heteropolar and homopo-
lar structures; furthermore, the rotor is stably suspended by
AMBs and rotates at the working speed of the built-in motor.
The sensitivity of the differential displacement sensor is
6 · 105 m/V. When the system is running, the output of the
radial differential displacement sensor 33 mm away from the
lower end of rotor is sent to the HP35670A dynamic signal
analyzer for further spectrum analysis; therefore, the radial
vibration amplitude S of the rotor can be obtained in real-time
with the rotation speed n at this position, as shown in Fig. 6.Fig. 6 shows that regardless of whether the AMBs are het-
eropolar or homopolar, the system can run at speeds up to
60000 r/min. When heteropolar or homopolar radial AMBs
are used, the system vibration peaks at 5760 and 4320 r/min,
respectively. Within the scope of rotation speed from 20000
to 60000 r/min, the vibration amplitude of the rotor increases
with the speed. The vibration amplitude of the rotor for the
homopolar radial AMB is slightly lower than that of the het-
eropolar radial AMB.
6. Iron loss of radial AMB
The iron loss of a radial AMB contains the eddy current and
hysteresis loss, which results from magnetic ﬁeld transforma-
tion in the iron cores, and is related to the changing frequency,
i.e., control current frequency of the magnetic ﬁeld.
Firstly, ANSOFT MAXWELL 3D software is adopted to
analyze the iron loss of the two types of AMBs. Fig. 7 shows
3D ﬁnite element models of the two types of AMBs.
Assuming that an unbalanced mass is the only exciting
source, the frequencies of the rotor vibration and the control
current of the AMB are the same as the rotation speed. If
the control current amplitude is 2.5 A, by the ﬁnite element
calculation, the iron loss P of the two types of radial AMBs
is as shown in Fig. 8.
Fig. 8 shows that for both types of radial AMBs, the iron
loss increases with the rotor speed, while at the same speed,
iron loss of homopolar radial AMB is signiﬁcantly lesser than
heteropolar radial AMB.
If the built-in motor is powered off, when the rotor rotates
at the working speed, the rotor speed is gradually reduced to
Fig. 7 3D models of radial AMB structure.
Fig. 9 Curve of rotor speed versus time in run-down process.
Fig. 10 Total power loss of AMB at different speeds.
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in the form of air friction loss of the rotor and iron loss of the
AMBs. Therefore, relevant data about the iron loss of AMBs
can be obtained through a run-down experiment.
The AMB control parameters are as described previously.
The radial AMBs respectively adopt heteropolar and homopo-
lar structures. The rotor is suspended stably and runs at up to
60000 r/min. Then the built-in motor is powered off and the
rotor speed gradually reduces to zero. In the run-down pro-
cess, the curve of the rotor speed versus time is shown in Fig. 9.
In the run-down process, the energy and power of the rotor
are respectively calculated by Eqs. (4) and (5).
Ek ¼ 1
2
Jpx
2 ð4Þ
Pk ¼ dEk
dt
¼ Jpx dx
dt
þ x
2
2
dJp
dt
¼ Jpx dx
dt
ð5Þ
where Ek, Pk and x denote the energy, power and angular
speed of the rotor, and the moment of inertia Jp is
0.000184 kg Æ m2.
By Eq. (5), according to the curve of the rotor speed versus
time, the total power loss in the form of air friction loss of the
rotor and iron loss of the AMBs at different speeds can be cal-
culated (see Fig. 10).
The difference between the two curves in Fig. 10 indicates
the power saving under the homopolar structure, assuming
that the air friction losses of the rotor are similar during the
run-down process when heteropolar or homopolar radial
AMBs are adopted separately. Fig. 10 shows that as the rotor
speed increases, the homopolar structure more obviously inﬂu-
ences the reduction in the eddy current and hysteresis loss of
the radial AMB. In addition, the difference between the two
curves in Fig. 10 is larger than that in Fig. 8, because the real
control current contains many parts with different frequencies.Fig. 8 Iron loss of AMB at different speeds of rotor.7. Conclusions
(1) When a heteropolar or homopolar radial AMB is
adopted, the motorized spindle prototype can stably
run at up to 60000 r/min.
(2) Regardless of whether heteropolar or homopolar radial
AMB is used, the motorized spindle prototype has two
types of rigid modes, translational and conical mode in
the low-frequency band, and both the corresponding
modal dampings are higher. The 1st-order bending nat-
ural frequency is more than 1400 Hz and the motorized
spindle rotor can be regarded as a rigid rotor within the
working speed range.
(3) Both heteropolar and homopolar AMB structure have
no signiﬁcant inﬂuence on the dynamic characteristics
of the motorized spindle prototype.
(4) For both heteropolar and homopolar radial AMBs, the
iron loss increases with the rotor speed. However, at the
same speed, iron loss of homopolar radial AMB is sig-
niﬁcantly lesser than heteropolar radial AMB; this is
helpful in reducing the temperature rise and improving
the overall characteristics of motorized spindle.
(5) Compared with heteropolar radial AMB, homopolar
radial AMB is suitable for motorized spindle. It would
be highly advantageous to apply homopolar radial
AMB on the occasion of large power, such as all electric
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